Recently, several promising strategies have been advanced for improving the efficiency of new agent development. These include pharmacokinetic/pharmacodynamic (PK/PD) and intermediate endpoint biomarker (IEB) monitoring. Here, we review their essential role as practical tools for guiding the evaluation of agents for cancer chemoprevention (CP) and provide examples of CP agents that utilize these approaches. Several important categories of IEBs are delineated, including histologically based (intraepithelial neoplasias and nuclear morphometry). The use of select IEBs combined with a Bayesian method for clinical trial monitoring for rapid identification of ineffective or promising agents is discussed. The similarities between IEB and TDM are described. Finally, we present future tools for enhanced monitoring of CP agents that will impact on laboratory medicine and are also applicable to many other drug classes, e.g., laser capture microdissection and cDNA chip microarrays that assess gene expression patterns of precancerous and cancerous lesions.
Traditionally, agent development has involved evaluation of dose-response relationships and clinically objective endpoints (e.g., survival, cancer incidence). Lieberman and Nelson [1] showed that dose-response can be defined during agent development for a wide variety of drugs and biological agents. In recent years, several innovative strategies have been advanced for improving the efficiency of agent evaluation, including pharmacokinetic/pharmacodynamic (PK/PD) 1 and intermediate endpoint biomarker (IEB)-guided development. The PK/PD approach, which includes therapeutic drug monitoring (TDM), is well suited for those agents with a narrow therapeutic index and substantial PK variability (e.g., digoxin, phenytoin, cyclosporine). The useful role of IEBs is widely recognized for drug classes such as antihypertensives (to treat high blood pressure), lipid-lowering agents (to treat high concentrations of cholesterol), and antiretroviral agents (to treat viral RNA). Rational drug development represents another promising approach that targets key pathways in the pathophysiology of disease.
One therapeutic area that incorporates aspects of all of these tools is chemoprevention (CP) of cancer. Cancer CP can be defined as application of interventions (nutrients, drugs, biologics) that inhibit or reverse the multistage carcinogenic process. Major classes of CP agents include the antimutagens (oltipraz), antiproliferative agents (retinoids), antioxidants (vitamin E), and antiinflammatory agents (sulindac). Recognition of the long latency period for invasive cancer development (e.g., 20 -40 years for many epithelial cancers) has led to a strategy in cancer CP agent evaluation that is guided by biomarkers as primary response variables for assessing activity and by histologically based IEBs (e.g., intraepithelial neoplasia) that can serve as valid surrogates for cancer incidence [2] . The role of IEBs in cancer CP is distinct from the current application of classic tumor markers in the diagnosis and management of cancer recurrence and remission (see Table 1 ).
Utilization of IEBs provides several important benefits for cancer CP. These include (a) selection of high-risk cohorts for clinical trials; (b) rapid assessment/monitoring of biological activity; (c) reduction in sample size; (d) shorter study duration for achieving important clinical endpoints; and (e) improved estimates of the treatment effect. In this review, we provide an overview and specific examples for the role of PK/PD and the emerging role of IEB monitoring as an efficient framework for guiding clinical trial design and development of CP agents. In this context, CP agents can be viewed as a prototype for other drug classes to which the principles of PK/PD, TDM, and IEBs can be readily extended.
PK/PD-Guided Agent Development
Promising CP agents under development are presented in Table 2 . Regardless of the class and mode of action, it is necessary to characterize the clinical PK, e.g., absorption, distribution, metabolism, and elimination profiles, and PD of these agents in the target population. The relative importance of PK/PD and impact on the therapeutic index for several classes of CP agents is shown in Table 3 . This is exemplified by the new selective estrogen receptor modulators such as raloxifene, which has a better safety profile than tamoxifen.
Nonsteroidal antiinflammatory drugs (NSAIDs) and CP.
NSAIDS are prime examples of where PK/PD has had an impact in improving the therapeutic index. Inhibition of cyclooxygenase 2 (Cox-2) and enhancement of apoptosis by NSAIDS (sulindac) make a promising approach for the prevention of sporadic and hereditary colon cancers [3] . Furthermore, the development of new selective Cox-2 inhibitors, a novel drug class without the gastrointestinal toxicities of common NSAIDS, e.g., flurbiprofen, is a rational CP strategy for colon cancer. In addition, the R-isomer of flurbiprofen has been shown in animal models to be a potent antiproliferative for normal colonocytes, colon polyps, and adenocarcinomas without the gastrointestinal toxicity of the S-isomer or the racemate [4] . R-Flurbiprofen has a novel mechanism of action (induction of apoptosis) independent of Cox-1 or Cox-2-related Retinoids and CP. Retinoids are probably the best-studied class of agents in cancer CP. They include Ͼ600 natural and synthetic derivatives of vitamin A and retinoic acid (RA). The main factor limiting their clinical use is multisystem toxicity (involving skin and mucosa, liver, bone, the central nervous system, and serum lipids). Fenretinide (4-HPR), a synthetic retinoid and lead agent is less toxic and teratogenic than other retinoids. It is associated with a dose/concentration-related impairment of dark adaptation, attributable to a reduction in tissue/serum retinol concentrations [5] . This toxic effect is reversible upon drug interruption, which allows tissue retinol concentrations to recover. In a large phase 3, randomized, placebocontrolled CP trial, daily doses of 200 mg of 4-HPR combined with a short monthly drug holiday (3 days) resulted in a reduction of contralateral breast cancer in premenopausal patients and reduced incidences of impaired dark adaptation [6] . Concentrations of 4-HPR and its major metabolite have been observed to be 10 -20-fold greater in the breast than in plasma, which may help explain the observed beneficial effect.
Rational combinations and CP. Combination therapy is another approach for improving the therapeutic index of retinoids and some other CP agents that have serious toxicities. This strategy involves combining agents with different mechanisms of action and nonoverlapping toxicities and avoiding chemoresistance. The combination of 4-HPR and tamoxifen is a case in point. Each agent has marked CP activity in a different cohort of breast cancer patients: 4-HPR in younger subjects (under 45) and tamoxifen in older subjects (over 55). Several groups have initiated combination trials with these agents in patients with breast cancer (Singletary and Lippman, personal communication).
Combinations under development include the versatile antiproliferative agent 2-difluoromethylornithine combined with either tamoxifen, oltipraz, piroxicam, or 4-HPR [7] . Other combinations applicable for prostate neoplasia include total androgen blockade (with flutamide and luprolide) as neohormonal adjuvant therapy before prostate cancer surgery, an anti-androgen combined with an antiestrogen to reduce gynecomastia in high-grade precancerous lesions, or an anti-androgen combined with a 5␣-reductase inhibitor for low-Gleason-grade prostate cancer.
IEB-Guided Agent Development
IEBs may be subdivided into several categories representing a wide spectrum of biological processes, as shown in Table 4 . The origin of these IEBs closely parallels the progression of genetic/epigenetic changes involved in the multipath cascade that culminates in an invasive cancer phenotype.
Histology-based biomarkers are on the causal pathway to cancer and include preinvasive intraepithelial neoplasias such as colon polyps and carcinoma in situ of the breast, cervix, and prostate. These lesions may be valid as surrogate endpoint biomarkers (SEBs) for cancer incidence [8] . Histologic parameters defined by computerassisted nuclear morphometry represent an extension of the pathologist in quantitating the nuclear morphologic characteristics of the cancer phenotype. A model workstation-microscope, camera, and personal computer for quantitative image analysis-is shown in Fig. 1 .
Cellular and molecular biomarkers are presumed to have biological relevance to carcinogenesis, including measures of proliferation, apoptosis, differentiation, and growth factor-mediated signal transduction. Some of these are proving to be closely correlated with changes in preinvasive lesions (e.g., telomerase activity) and thus could serve as potential SEBs for cancer. Drug-effect biomarkers reflect the pharmacologic mechanism of action of an agent. Modulation of polyamine biosynthesis through inhibition of ornithine decarboxylase may or may not have a direct association to the carcinogenic process. Recent evidence suggests, however, that under certain circumstances, overexpression of this enzyme can function as an oncogene and contribute to the invasive potential of epithelial cancers [9] . . As Fig. 2 shows, there was a distinct interaction between 4-HPR, IGF-1, and age (menopausal status). The decrease in IGF-1 concentrations induced by 4-HPR was much more pronounced in younger premenopausal patients, whereas an age-related decline in controls was observed over time. ODC, ornithine decarboxylase; EGFR, epidermal growth factor receptor; TGF, transforming growth factor; RXR, retinoid X receptor; PPAR, perisome proliferative activated receptor; HPV, human papilloma virus. 
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Moreover, there was a cross-over effect such that IGF-1 concentrations tended to increase in 4-HPR-treated patients with increasing age [11] . Because the observed reduction in contralateral breast cancer correlates with the changes in IGF-1, 4-HPR-induced modulation (decrease) of circulating plasma concentrations of IGF-1 in premenopausal women may be a valid SEB for the reduction in breast cancer incidence.
Retinoic acid receptor (RAR)-guided development of retinoids.
Upregulation of expression of certain RAR subtypes appears to be an important indicator of drug efficacy for 13-cis-RA and possibly 9-cis-RA in head and neck preinvasive lesions as well as in dysplastic lesions of the lung [12] . Lotan et al. [13] evaluated biopsy specimens of 52 patients with oral premalignant lesions for expression of RARs before and after 13-cis-RA in comparison with normal controls. Only ϳ40% of the patients with oral premalignant lesions expressed RAR-␤ mRNA at baseline, whereas 90% did after 13-cis-RA treatment.
Monitoring of IEBs in Clinical CP Trials
Development and evaluation of agents for cancer CP is guided by a set of principles promulgated by a joint working group of the National Cancer Institute and the Food and Drug Administration [14] . An abbreviated summary of this developmental scheme is presented in Table 5 . The phases of agent development encompass preclinical evaluation (in vitro and in vivo models) and the full range of clinical studies (phases 1-4). The level of evidence required for the evaluation and validation of candidate SEBs is that of the randomized controlled clinical trial. SEBs can be used for accelerated drug approval under the Code of Federal Regulations (CFR-314.510). Criteria for statistical validation of a surrogate endpoint in these trials have been proposed by Prentice [15] .
IEBs play a critical role in the design and analysis of phase 1 and 2 clinical trials of CP agents in cohorts of patients with preinvasive neoplasia. The primary use of IEBs is to serve as indicators of biological response and as SEBs for cancer incidence reduction. Furthermore, to improve statistical power, the primary IEB is often modeled as a gaussianly distributed continuous random variable (mean, SD).
Bayesian monitoring and IEBs. Recently, to improve the efficiency of phase 2 trials, we have begun to evaluate a Bayesian monitoring scheme for interim analyses as an alternative to the standard group sequential methods. The conceptual basis for this approach is shown in Fig. 3 . The Bayesian stopping rule is designed (n ϭ 30 patients) so that it is quicker to stop if the evidence suggests ineffectiveness rather than only if it suggests biological activity; this allows resources to be concentrated on those agents that show the most promise in this early stage of testing.
In a series of clinical trial simulations and sensitivity analyses based on literature-derived values for a growth factor (transforming growth factor-␣ expression), the Bayesian method compared favorably with standard Adapted from Torrisi et al. [11] ; used with permission. RCT, randomized controlled trial; MTD, maximum tolerable dose; DR, dose response; PBO, placebo; DB, double-blind.
Adapted from Kelloff et al. [14] .
group sequential methods. Furthermore, the Bayesian method retained simplicity of interpretation and provided flexibility in monitoring as the data accumulated during a trial without the need to adjust for type 1 error at each interim look [15a] .
Cohorts for CP trials. The third component of the triad for a successful CP program (the first component being agent selection and the second being biomarker validation) is the identification of suitable patient cohorts. Using the CP of prostate cancer as a prototype, Table 6 presents general and specific strategies for this identification.
Analogy of IEB monitoring to TDM principles. IEB monitoring and TDM share several common features, as summarized in Table 7 . Both can serve as surrogate measures for objective clinical responses. Both can have a target range, i.e., therapeutic range of drug concentrations or expression values for guiding dosing requirements. A relative therapeutic index, which reflects the safety margin between toxic and effective doses, can be defined for TDMguided agents. Similarly, a relative CP index can be defined for IEB-guided agents. In addition, both IEBs and TDM require careful measurements of analytes combined with quality assurance, quality control, and laboratory validation.
Future Direction of IEBs in Cancer CP
One of the most innovative approaches under development is the Cancer Genome Anatomy Project of the National Cancer Institute [16] . This approach is a hybrid, bringing together computer science and genetics and creating a new field known as genomics. The aim of the project is to develop a user-friendly computer database containing a complete catalog of all the genes expressed in cancer cells (tumor gene index). The initial focus will be on five big killers-cancers of the prostate, breast, colon, lung, and ovary. Several critical technologies are being used. The first is laser capture microdissection, used as a tool of the pathologist for acquisition of histopathogically defined pure cell populations from human precancer and cancer [17] . Another critical technique involves the cloning/amplification of cellular RNA for the construction of full-length cDNA libraries that are representative of the expressed repertoire of genes from normal, precancer, and cancer lesions. The third new technology involves microchip cDNA probes and oligonucleotide arrays.
Several applications of these new technologies for cancer CP are indicated in Table 8 . Recently published experience with DNA microarrays includes sequence analysis of mutations in heterozygous carriers of BRCA-1 [18] and analysis of changes in gene expression in malignant melanoma cells before and after suppression of the tumorigenic phenotype [19] . The first commercial applications of this new chip technology involve mutational analysis of the p53 tumor suppressor gene and of the human immunodeficiency virus. Furthermore, the pattern of differential gene expression among normal cells and preinvasive and invasive cancer cells should be a powerful tool for risk stratification and histologic classification.
In addition, the ability of CP agents to modulate gene expression and thus the genetic profile of a precancerous lesion should lead to the development of novel panels of IEBs (genes/proteins) for assessing biological response and predicting reduction of cancer incidence. These emerging technologies will have important implications for cancer CP and the clinical laboratory as we enter the new era of molecular medicine and genomics.
Applications to Other Drug Classes
The utility of PK/PD, TDM, and IEB monitoring for the efficient development of CP agents for cancer should be readily applicable to other drug classes and therapeutic indications. For example, SEBs have been successfully incorporated into the development of cardiovascular agents (antihypertensives), lipid-altering agents (HMG coreductase inhibitors), and antiretroviral agents (protease inhibitors). In addition, the new molecular tools being developed for cancer CP (see Table 8 above) hold considerable promise for many classes of therapeutic agents.
In summary, the integration of these tools into new drug-evaluation strategies, especially into randomized controlled intervention trials, provides a rigorous scientific framework for the development, validation, quality control, and monitoring of innovative assays of drug efficacy and toxicity. 
